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Romancing the macula densa at UAB. The Nephrology Re-
search and Training Center, established in 1977 at the Univer-
sity of Alabama at Birmingham by Thomas E. Andreoli, served
as a catalyst to stimulate multiple areas of investigations in re-
nal physiology and nephrology. Individuals with backgrounds
in biophysics, membrane transport, renal hemodynamics, struc-
tural biology, and nephrology interacted with each other, thus
providing an exciting and collegial environment. The labora-
tory of renal hemodynamics focused on the control of renal
blood flow, glomerular filtration rate in normal and hyperten-
sive models, and on the important role of the macula densa in
providing communication from the tubules to the vascular ele-
ments. Studies initially focused on the role of the macula densa
feedback mechanism in mediating renal autoregulatory behav-
ior. Subsequent experiments examined various aspects of the
feedback system, including the identification and characteriza-
tion of membrane transport events that sense changes in tubu-
lar fluid concentration and transfer information to intracellular
signaling mechanisms. More recent investigations have focused
on the capability of the macula densa cells to synthesize and
release various vasoactive mediators that can influence vascu-
lar tone of the glomerular arterioles. In particular, the ability
of the macula densa cells to secrete ATP has stimulated contin-
ued interest in the hypothesis that ATP may serve an important
role in mediating signals to afferent arteriolar vascular smooth
muscle cells.
The establishment of the Nephrology Research and
Training Center (NRTC) in 1977 at the University of Al-
abama at Birmingham by Thomas E. Andreoli provided
unusual opportunities to develop an integrated research
program covering multiple areas of investigation in re-
nal physiology and nephrology. While Tom Andreoli and
Jim Schafer were rapidly developing the Laboratory of
Membrane Transport Processes, our research group was
given the responsibility of developing the Laboratory of
Renal Hemodynamics. Additional laboratories covering
other aspects of renal investigation followed soon after.
These new laboratories extended the research opportu-
nities available for the fellows, and provided the foun-
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dation for an exciting program that attracted both M.D.
and Ph.D. postdoctoral fellows. The overall environment
of the NRTC was exciting, collegial, and conducive to
high productivity.
Research projects in the Laboratory of Renal Hemo-
dynamics focused on renal hemodynamics, with empha-
sis on the mechanisms mediating autoregulation of renal
blood flow (RBF) and glomerular filtration rate (GFR),
regulation of glomerular dynamics, and the intrarenal
mechanisms mediating pressure natriuresis. The recruit-
ment of D.W. Ploth to the NRTC and the laboratory of re-
nal hemodynamics expanded our interests to include the
derangements in renal microvascular and excretory func-
tion in experimental hypertension [1]. Progress in these
areas was facilitated by the numerous NRTC research
fellows that participated in projects in our laboratory.
For this article, the studies described focus on our fas-
cinating journey exploring the complex pathways medi-
ating the interactions between the macula densa and the
afferent arteriole. Based on studies initiated under the
mentorship of Arthur C. Guyton, Chairman of the De-
partment of Physiology and Biophysics at the Univer-
sity of Mississippi School of Medicine, our group became
very interested in the mechanisms mediating renal au-
toregulation of RBF and GFR [2]. As shown in Figure 1,
there was general agreement that the requisite changes
in renal vascular resistance that occurred in response to
changes in renal arterial pressure were localized primar-
ily at the level of the preglomerular vasculature, with the
major role attributable to the afferent arterioles [3, 4].
Because GFR was also regulated with very high effi-
ciency, and recognizing the importance of regulation of
filtered load to overall kidney function, a hypothesis
emerged that autoregulatory behavior in the kidney sub-
served the important function of regulating filtered load.
In addition, the unique anatomic structure existing at the
portals of each nephrovascular unit, known as the juxta-
glomerular complex, and consisting of the close apposi-
tion of the macula densa segment of the ascending loop
of Henle with the vascular pole and the extraglomeru-
lar mesangium, provided a foundation for the hypothesis
that filtered load was regulated by signals responsive to
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Fig. 1. Autoregulation of renal blood flow
and related parameters and schematic of the
macula densa feedback mechanism. (A) Rep-
resentation of normal relationships between
renal arterial pressure and renal blood flow,
glomerular filtration rate, afferent arterio-
lar resistance (RA), efferent arteriolar resis-
tance (RE), glomerular pressure (PG), prox-
imal tubular pressure (PPT), and peritubular
capillary pressure (PC). (B) Flow diagram of
the components of the macula densa feed-
back mechanism by which changes in flow-
dependent composition of the tubular fluid
at the macula densa influence preglomerular
vascular resistance and glomerular filtration
rate.
changes in some function of volume or solute load at the
level of the macula densa [2, 5]. Studies showing the re-
nal blood flow responses to various manipulations, such
as inhibition of proximal reabsorptive function, increases
in ureteral pressure, and increases in plasma colloid
osmotic pressure supported the hypothesis [3, 4]. Fur-
thermore, micropuncture experiments initiated in col-
laboration with investigators at Duke University further
supported the existence of the macula densa to affer-
ent arteriole feedback mechanism [6, 7]. As shown in
Figure 2, single nephron glomerular filtration rate
(SNGFR) measured on the basis of tubular fluid col-
lections from distal tubular segments were lower than
SNGFR measurements based on proximal tubular fluid
collections. Furthermore, the SNGFR measurements
based on proximal tubular fluid collections did not exhibit
efficient autoregulation in response to decreases in renal
arterial pressure, but the SNGFR measurements based
on distal tubular fluid collections showed that the super-
ficial nephrons exhibited high efficiency autoregulation
[6, 7]. These findings, along with similar observations
by other investigators, firmly established the existence
of the macula densa feedback mechanism, which is also
commonly referred to as the tubuloglomerular feedback
mechanism [8].
Investigations of the macula densa feedback mecha-
nism have continued in many laboratories through the
years, and have been subdivided further into the follow-
ing issues: (1) the sensing system at the luminal membrane
that responds to flow-dependent changes in tubular fluid
composition; (2) the intracellular signaling mechanisms
in macula densa cells; (3) the nature of the agents pro-
duced and released by macula densa cells; and (4) the
membrane activation mechanisms at afferent arteriolar
smooth muscle cells [8, 9]. Our current understanding
related to these four aspects is discussed briefly in the
following sections.
INTRALUMINAL SIGNALS ACTIVATING
MACULA DENSA CELLS
Macula densa cell activation occurs in response to con-
comitant alterations in luminal fluid sodium chloride con-
centration ([NaCl]L) and osmolality (osmL). At the apical
membrane, [NaCl]L and osmL are ∼25 mmol/L and ∼125
mOsm/kg, respectively. The primary NaCl entry pathway
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Fig. 2. (A) Comparison of single nephron glomerular filtration rate
(SNGFR) measurements in dogs based on proximal tubule fluid col-
lections with those based on distal tubular fluid collections or other
methods that don’t obstruct or prevent flow to the distal tubule. When
SNGFR was measured with techniques that blocked flow to the macula
densa segment, the SNGFR values were higher than those based on
techniques that maintained flow to the macula densa. (B) Autoregula-
tion of SNGFR was obtained with SNGFR measurement using tech-
niques that did not interfere with flow to the macula densa, but SNGFR
measurements based on proximal tubule fluid collections did not exhibit
efficient autoregulation. (From reference [7]).
is through the b isoform of the Na:2Cl:K cotransporter
and, unlike the surrounding thick ascending limb, the
apical membrane of macula densa cells exhibits a finite
water permeability [10, 11]. There is a direct relation-
ship between [NaCl]L and uptake of NaCl through the
furosemide-sensitive cotransporter from very low elec-
trolyte concentrations until this process saturates at a
[NaCl]L of about 60 mmol/L [12]. Once Na+ has entered
the cell, intracellular Na+ is removed, not through the ba-
solateral ouabain-sensitive Na:K ATPase, but through an
apically located colonic form of the Na,K:H ATPase [13].
This transporter is inherently less efficient in transport-
ing Na+, resulting in accumulation of intracellular Na+
(and presumably Cl−), which mirrors [NaCl]L. Elevated
intracellular [Cl−], as the result of apical entry via the
electroneutral cotransporter, results in Cl− movement
through basolateral Cl− channels, and this process has
the added consequence of depolarizing the basolateral
membrane [14–16]. The depolarization of the basolateral
membrane is sustained and appears to be an essential
element in the signaling process of the macula densa cells
[17].
The apical membrane of macula densa cells allows wa-
ter passage through a member of the aquaporin family of
water channels, which has yet to be identified. The con-
sequence of water flow across plasma membranes is that
changes in cell volume contribute to alterations in func-
tion of several transporters and channels [10]. Interest-
ingly, unlike most cells, macula densa cells appear to lack
efficient cell volume regulatory mechanisms, and changes
in [NaCl]L and osmL produce steady-state changes in
macula densa cell volume. Thus, macula densa cell vol-
ume, which also reflects changes in [NaCl]L and osmL,
may also play an important role in how macula densa
cells sense changes in the luminal environment.
At the apical membrane of macula densa cells, an
NHE2 isoform of the Na:H exchanger is expressed. In
response to an increase in [NaCl]L, macula densa cells
alkalinize, driven by the entry of Na+ and exit of pro-
tons through this antiporter [18]. Unlike the Na:2Cl:K
cotransporter, which saturates at 60 mmol/L [NaCl]L, the
Na:H exchanger is active over the entire range of [Na]L
from ∼0 to 150 mmol/L [19]. Another intracellular mes-
senger system that may be important in the regulation
of cell signaling by the macula densa cells is intracellular
Ca2+ [20]. Increases in macula densa [Ca2+]i may play
an important role in mediating feedback signals from the
macula densa cells [20, 21]. Peti-Peterdi and Bell [22] re-
ported a direct relationship between [NaCl]L and [Ca2+]i
and showed that increases in [NaCl]L result in elevations
in [Ca2+]i that occur via Ca2+ entry across the basolateral
membrane as the result of membrane depolarization. Al-
though the molecular identity of this Ca2+ entry pathway
is not known, LaPointe et al [23] identified a cation chan-
nel at the basolateral membrane of macula densa cells,
which may be a member of the TRP family of nonselec-
tive cation channels, and permeable to Ca2+.
MEMBRANE TRANSPORT AND SIGNALING IN
MACULA DENSA CELLS
The macula densa cells monitor changes in the con-
stituents and flow of luminal fluid and, in turn, gen-
erate signals that lead to the transfer of information
to the glomerular vascular elements. Although many
possibilities have been suggested [8], the nature of the
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Fig. 3. Characteristics of macula densa cells.
On the left is a schematic of the macula densa
transport processes. Also shown is the release
across the basolateral membrane of adeno-
sine triphosphate (ATP), prostaglandin E2
(PGE2), and nitric oxide. On the right is a two-
photon image of a living, isolated, perfused
thick ascending limb-glomerular preparation
that is visualized using a membrane staining
dye. The macula densa cells, which are next to
the glomerulus as well as the opposing thick
ascending limb, are clearly visible. It is also
possible to make out various structures within
the glomerulus, including glomerular capillary
loops.
communication process between macula densa cells
and the glomerular mesangial/afferent arteriolar smooth
muscle cells has remained elusive. Recent studies have
advanced this field and have determined that there are at
least three signaling molecules that are elaborated from
macula densa cells. These include adenosine triphosphate
(ATP), prostaglandin E2 (PGE2), and nitric oxide (NO).
Of these, ATP is of particular interest because it is trans-
ported out of macula densa cells through the basolateral
membrane and fulfills important criteria [24, 25]. Macula
densa cells have abundant mitochondria that are aggre-
gated at the basilar aspects of these cells. Since macula
densa cells express little basolateral Na:K ATPase, ATP
utilization at the site may be low. Therefore, it has been
hypothesized that this pool of ATP is available for re-
lease across the basolateral membrane [26]. Recent patch
clamp studies identified a maxi-anion channel which is
∼350 pS and is not only permeable to Cl−, but also
has a significant conductance for ATP [24]. Although
the molecular identity of this channel is not known, its
biophysical characteristics are similar to a mitochondrial
protein called voltage dependent anion channel (VDAC),
or porin [25]. The possibility that VDAC is the maxi-anion
channel is bolstered by the recent identification of an iso-
form of VDAC that possesses a plasma membrane tar-
geting sequence [27].
In order to assess local ATP release, a biosensor as-
say was developed that involves the use of PC12 cells
or cultured mesangials cells that are loaded with fura 2
for measurement of [Ca2+]i and physically placed next
to the basolateral membrane of macula densa cells [28].
The biosensor cell is activated by ATP, which causes in-
creases in [Ca2+]i through activation of purinergic recep-
tors on the biosensor cell. These studies found that ATP
is released from macula densa cells in a manner that is
consistent with a role for ATP in mediating signaling be-
tween macula densa cells and afferent arteriolar vascular
smooth muscle cells. ATP release occurred in response to
increases in [NaCl]L up to 60 mmol/L, and was blocked
by the application of luminal furosemide. Further, ATP
release was increased by previous salt deprivation of the
animal [25]. These characteristics support the hypothe-
sis that ATP is the mediator that transmits signals from
macula densa cells to the underlying mesangial/afferent
arteriole complex (Fig. 3).
In addition to signaling by ATP, macula densa cells
also produce PGE2, which is released across the basolat-
eral membrane [29, 30]. However, PGE2 release was con-
sistently found only in preparations from salt-deprived
animals and in response to a reduction of [NaCl]L be-
low 60 mmol/L, supporting a role for PGE2 in mediat-
ing renin release [30]. Salt deprivation also led to an up-
regulation of cyclooxygenase-2 (COX2) and PGES, en-
zymes that are necessary for the generation of PGE2 [31].
Macula densa cells also express nNOS [32]. It has been
suggested that in response to an increase in [NaCl]L, mac-
ula densa cells generate nitric oxide, which in turn serves
as a negative modulator of tubuloglomerular feedback
(TGF) responses [33]. Recent studies have utilized fluo-
rescent probes that are sensitive to nitric oxide to monitor
changes in nitric oxide release from macula densa cells.
Studies by Liu et al [34] and by Kovacs et al [35] found that
an increase in [NaCl]L directly leads to nitric oxide re-
lease, and that there is diffusion of nitric oxide into the ex-
tramesangial cell field. In addition, nitric oxide has been
shown to inhibit Na:2Cl:K cotransport activity. An inter-
esting finding was that nitric oxide release was most pro-
nounced at [NaCl]L of 60 mmol/L and above. Although
this isoform of nitric oxide synthase is Ca2+-sensitive, it is
also pH-sensitive, suggesting that [NaCl]L-dependent cell
alkalinization via the apical Na:H exchanger may drive
nitric oxide synthesis [36].
MEDIATORS AND MODULATORS OF
FEEDBACK RESPONSES
As mentioned earlier, various candidate paracrine
agents have been considered as mediators of the efferent
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limb of the macula densa feedback mechanism [8, 9].
Many of these factors, such as angiotensin II, arachidonic
acid metabolites, including prostaglandins, and nitric ox-
ide, are now recognized as being important modulators
of feedback responsiveness, rather than mediators. The
main criterion required of the mediator is that there be
a direct change in the release of the putative mediator
in response to a change in the luminal signal activating
the macula densa cells [8, 37]. Current emphasis is on the
possible roles of several purinergic agents as primary me-
diators of feedback responses [37, 38], with some groups
favoring adenosine as the primary mediator [39], while
others have supported a primary role for ATP [24, 26,
37, 40]. The evidence supporting the release of ATP by
macula densa cells was reviewed in the preceding section.
An important finding supporting the hypothesis that
ATP is the mediator of autoregulatory and macula densa
feedback responses is that ATP exerts selective vaso-
constrictor actions on afferent arterioles and does not
constrict efferent arterioles [26, 40]. In addition, Chen
et al [41] demonstrated that P2X receptors are heavily
expressed in the preglomerular vasculature, but not on
efferent arterioles. It has also been shown that changes
in preglomerular vascular resistance or afferent arterio-
lar diameter in response to changes in perfusion pressure
are attenuated or prevented by P2 receptor saturation
and P2 receptor blockers [40]. Inscho et al [40, 42] used
several agents to block P2 receptors, and showed that the
afferent arteriolar vasoconstriction elicited by increases
in perfusion pressure is impaired during receptor desensi-
tization or in the presence of P2 receptor blockers. Inscho
et al [42] also showed that mice that have had the P2X1
receptor deleted clearly have an impaired ability to con-
strict afferent arterioles in response to increases in renal
perfusion pressure. At the whole kidney level, Majid et al
[43] showed that autoregulation of renal blood flow in re-
sponse to reductions in perfusion pressure was impaired
during conditions where the P2 receptors were saturated
by intraarterial infusion of ATP.
Another important criterion for the putative mediator
is that there be changes in renal interstitial fluid con-
centration in association with the changes in vascular
resistance. To investigate this issue, Nishiyama et al [44,
45] utilized microdialysis procedures to determine the
changes in renal interstitial concentrations of ATP and
adenosine. As shown in Figure 4, renal interstitial fluid
ATP concentrations exhibit a direct relationship with
the changes in renal vascular resistance elicited by au-
toregulatory responses to changes in renal perfusion pres-
sure [44]. In addition, the macula densa feedback mech-
anism was stimulated at the whole kidney level by ad-
ministration of a carbonic anhydrase inhibitor, acetazo-
lamide, which inhibits net proximal reabsorption rate
and increases distal volume delivery. In response to ac-
etazolamide, renal interstitial fluid ATP concentrations
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Fig. 4. Renal interstitial fluid ATP measurements in dogs obtained
with renal microdialysis probes. (A) Effects of changes in renal per-
fusion pressure on renal interstitial ATP concentrations and the as-
sociated changes in renal vascular resistance. (B) Responses of renal
interstitial ATP concentration to increases in distal volume and salt de-
livery imposed by administration of acetazolamide and their reversal
with furosemide (Data from references [44] and [45]).
increased in association with the increases in renal vascu-
lar resistance. The addition of furosemide to block feed-
back responses prevented both the changes in vascular
resistance and the changes in interstitial fluid ATP con-
centrations [45]. These measurements of interstitial fluid
ATP documented the changes in interstitial concentra-
tion of ATP required for it to be responsible for the au-
toregulatory and feedback-mediated changes in vascular
resistance. In contrast, renal interstitial adenosine con-
centrations did not change in association with the changes
in renal vascular resistance [37, 44].
AFFERENT ARTERIOLAR–ACTIVATING
MECHANISMS
The discovery that there are distinct vasoconstrictor
activating mechanisms in afferent and efferent arterioles
provided the basis for the hypothesis that selective acti-
vation of L-type Ca2+ channels in afferent arterioles is
responsible for the changes in renal vascular resistance
elicited by either autoregulatory responses or macula
densa feedback signals [8, 9, 46]. Results evaluating whole
kidney autoregulatory responses demonstrated that L-
type Ca2+ channel blockers primarily influence the au-
toregulation component of renal vascular resistance, and
prevent autoregulatory responses [47]. Micropuncture
studies demonstrated further that L-type Ca2+ channel
blockers increase glomerular pressure and exert a pre-
dominant vasodilator action on preglomerular arterioles
[48]. It was also demonstrated that the vasoconstrictor ac-
tions on angiotensin II (Ang II) on afferent arterioles was
prevented by L-type Ca2+ channel blockers, while the ef-
fects of Ang II on efferent arterioles could not be blocked
by L-type Ca2+ channel blockers, again demonstrating
the existence of differential activating mechanisms [46].
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A clear connection between ATP-mediated constric-
tion of afferent arterioles and activation of L-type Ca2+
channels was established by Inscho et al [40, 49], who
demonstrated that the ATP-mediated vasoconstriction
requires influx of Ca2+ from the extracellular fluid pri-
marily through L-type Ca2+ channels. In particular, the
sustained constriction and the sustained increase in intra-
cellular Ca2+ caused by ATP could be prevented by treat-
ing with L-type Ca2+ channel blockers. Collectively, the
data support the hypothesis that the autoregulatory and
macula densa feedback–mediated changes in vascular
resistance are caused by increases in interstitial concen-
trations of ATP acting on P2X receptors on afferent arte-
riolar vascular smooth muscle cells to increase Ca2+ entry
through L-type Ca2+ channels.
CONCLUSION
This brief discussion on the role of the macula densa
in regulating afferent arteriolar vascular resistance is but
one example of the many projects that flourished at the
UAB Nephrology Research and Training Center. Dur-
ing the Andreoli years at UAB, there was an excite-
ment and exhilaration that nurtured young investigators,
and stimulated everyone to greater levels of accomplish-
ment. Although Tom went on to greater accomplish-
ments and other challenges, the solid foundation that he
established for the NRTC allowed it to continue to grow
and prosper under the direction of its subsequent leaders.
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